Most commercial super sweet corn lines focus on simple hybrids. Information about the general combining ability (GCA) and about the specific combining ability (SCA) are relevant for hybrid development. The aim of the present study is to estimate the general and specific combining ability effects associated with yield and quality traits of super sweet corn. Nine lines (Flint) and ten lines (Dent) were crossed in a partial diallel fashion to produce 90 F 1 hybrids. The hybrids and ten checks were assessed through the duplicate simple lattice design, with four repetitions, in two environments of Rio de Janeiro State, during the 2015 season. Data of six agronomic traits associated with yield, and five traits associated with quality were recorded. The results showed that GCA and SCA were significant (P ≤0.01) for almost all herein studied traits. The relative magnitude of GCA and SCA mean squares indicated the prevalence of additive effects for the quality traits, as well as non-additive effects for yield traits. The GCA and SCA (P≤0.01) interactions showed different genotype responses to the different environments. The "Flint" L1 inbred line presented the highest concentration of alleles favoring the increment for most of the traits. This line was the most suitable for the formation of new supersweet hybrids. Three crosses (L8 x L18, L1 x L13 and L6 x L15) showed desirable SCA effects for almost all traits. These crosses are valuable and could be used in corn breeding programs in order to achieve high yielding and quality combinations.
Introduction
Super sweet corn (Zea mays L. saccharata) is a common corn mutant characterized by high sugar and low starch contents that lead to peculiar flavor, texture and aroma traits. The "sweetness" trait is controlled by simple recessive genes or by genes associated with double or triple combinations. These combinations present different sugar/starch ratio accumulated in the endosperm (Camilo et al., 2015) . Among the genes responsible for the super sweet phenotype, shrunken2 (sh2) is the most commercially used one because of its high sugar accumulation and longer post-harvest life; therefore, it keeps quality after harvest for longer than standard sweet hybrids (Rodrigues et al., 2009; Solomon et al., 2012) . Super sweet corn is quite versatile and adds value to products; it can be used in its fresh form, as well as processed in the canned product industry (Entringer et al., 2016) . Since it is a source of tocopherols, carotenoids, vitamin C and phenolic, super sweet corn is considered an important vegetable for cultivation purposes worldwide (Juvik, 2009) . The Brazilian super sweet corn cultivation nowadays is limited probably due to lack of knowledge presented by consumers and farmers, to the small number of cultivars, as well as to lack of genetic studies about the traits associated with its yield and quality (Rodrigues et al., 2009 ). However, market demands have led to the use of high super sweet corn cultivation technologies; that is why super sweet corn is expected to become an important crop, soon (Pereira Filho et al., 2013) . Unlike common corn, the super sweet corn has been undergoing intense enhancement of traits associated with quality; however, the high yield remains the primary goal of most plant breeding programs (Ferh, 1987) . Accordingly, the research about super sweet corn quality and yield improvement and about its importance to the market stands out. The development of hybrids has been the best strategy towards an immediate effect on the yield and quality of super sweet corn. The successful development of simple hybrids depends on a series of steps, among them one can find the selection of high performance populations in order to extract lines that, once crossbred, allow exploring hybrid vigor or heterosis. It is worth pinpointing that heterosis is a well-known phenomenon that enables hybrids to have a better performance (Cruz et al., 2012) .
Studies focused on the combining ability are a crucial step in breeding programs. This ability is one of the key points for the selection of lines for hybrids' synthesis, since it enables combining favorable alleles in the F 1 combination to achieve greater yield and quality (Solomon et al., 2012) . Sprague and Tatum (1942) defined the concepts of general combining ability (GCA) and specific combining ability (SCA). The GCA analysis enables identifying parents with the ability to transmit their desirable characters to the offspring; the additive gene effects prevail in these offspring. The SCA allows identifying promising hybrid combinations; the non-additive gene effects prevail in these combinations (Baldissera et al., 2012; Cruz et al., 2012) .
The evaluation of the steps involving the analysis applied to the combining ability of the lines is the most laborious and costly one. The value of a line in hybrids' commercial process depends on its characteristics and on the hybrid combination behavior Hallauer, 2010 . The GCA and SCA effects can be assessed through different analyses, but the diallel crosses are effective techniques to identify the best hybrid combinations (Silva et al., 2013) . Several types of diallels have been proposed and developed, but the most commonly used methods in corn diallel analysis are those described by Griffing (1956) .
Among the partial diallel methodologies proposed by Griffing (1956) , those based on the combination of parents to form two different groups have allowed maximizing information about the studied groups using less crossings than the number of crossings required by the complete diallels (Bernardo, 2003) .
Given the scarcity of information about crossbreeding involving inbred and adapted super sweet corn lines, and given its importance to the hybrids production in the country's commercial sector, the aims of the current study are to estimate the GCA of super sweet corn inbred lines and the SCA of the resulting hybrids, as well as to assess the yieldand quality-related variables of super sweet corn hybrids by performing partial diallel crossings.
Results and Discussion

Analysis of variance and the significance of the diallel analysis
The joint analysis has shown good experimental accuracy. The estimates were above 0.67 in all cases, except for ST, whose estimate value was 0.55 (Table 1) .
All the variables assessed (p ≤0.01) through the F test showed significant effects for treatments and for experimental hybrids (Table 1 ). Such result indicates that the selected genotypes are contrasting and this contrast is a vital factor for breeding programs, because it amplifies the genetic variability and favors the selection.
Almost all variables presented significant differences between environments, thus showing that these environments were sufficiently distinct in the expression of these variables. The genotypes had different responses to the existing macroenvironmental variations, fact that has reflected the significant effect of the 'treatment-environment' interaction on the four variables assessed in the current study. According to Locatelli et al. (2002) , such interaction reduces the correlation between phenotype and genotype, and, as a result, restricts the validity of inferences concerning the breeding process and the inheritance of quantitative traits.
The 'hybrid-environment' interaction had significant effects on most of the herein assessed variables (Table 1) , and this outcome has indicated hybrids' non-consistent response to different environments. These effects are often observed when these hybrids are compared to double hybrids or to cultivars showing broader genetic base, because the narrow genetic base of simple hybrids leads to different responses to the assessed environments (Troyer, 1996) .
The effects of diallel hybrids were expressed through the general (GCA I and II) and specific combination ability (SCA) ( Table 1 ). The GCA showed significant effect on all the variables of the "Flint" heterotic group (GCA I), as well as on the FLOW, ED, CD, NGR and UEL variables of the "Dent" heterotic group (GCA II). This result evidences that the parents had different favorable-alleles frequencies, as well as proved the existence of parents able to form improved populations.
Significant GCA effects were also reported in studies conducted by Oliboni et al. (2013) , who assessed variables such as "yield of corn ears with no straw" and "plant height" in a full diallel comprising 66 hybrids assessed in three different environments. Lemos et al. (2002) assessed the variable "yield" in a full diallel comprising ten super sweet corn lines assessed in two different environments and found the same results.
There were significant SCA differences in almost all the variables (Table 1) , and it indicates that experimental hybrids had better or worse response than that expected, because of their parents' GCA. This result shows considerable complementation degree in the frequency of alleles presenting dominance or over-dominance (Hallauer et al., 1988; Pfann et al., 2009; Oliboni et al., 2013) .
The significant SCA effect observed in the variables associated with corn ear yield indicates that populations generated from these lines may be useful in interpopulation breeding processes focused on generating lines that, once crossbred, could lead to greater-heterosis hybrids (Oliboni et al., 2013) . Pfann et al. (2009) and Oliboni et al. (2013) have assessed diallel trials comprising commercial corn hybrids and found significant SCA in the variables associated with grain yield. They also identified promising commercial hybrid combinations.
Although the mean squares do not directly indicate the relative importance of genotypic variance components, the significance of the GCA and SCA effects has varied due to the additive and non-additive gene effects, respectively (Worrajinda et al., 2013) .
According to GCA square sums in both groups (GI and GII) and to the SCA square sum in the simple hybrids' group, SCA has mostly contributed to the FLOW, ST, PH, HEL, UEY, EY and NGR variables, and has explained the 52.23% to 84.93% variation between hybrids. These results have shown the prevalence of non-additive effects on corn ear yield (Table 1) , as well as have corroborated the studies conducted by Machado et al. (2009) and Santos et al. (2014) . On the other hand, the contribution from the GCA square sums to the ED and CD variables was relatively higher than that from SCA, fact that indicated the greater importance of additive effects and explained the 52.4% to 70.5% variation. The contributions from GCA and SCA to the UEL and NE variables were moderate, and it indicated that both effects (additive and non-additive) were equally relevant (Table 1) . There was significant interaction between the GCA and the environments in the GCA-I and GCA-II groups when variables such as FLOW, NE, UEY, EY and HEL were assessed, as well as in the GCA-I group when the UEL variable was analyzed. This result suggested that the GCAbased parental selection should be applied to each environment; on the other hand, the interaction between SCA and the environments was significant in most variables assessed in the current study, and it presupposes that the crossbreeding processes did not effectively keep constant response in the herein assessed environments (Table 1) . The super sweet corn breeding process requires special care, since this vegetal intended to human consumption. Thus, it is necessary pursuing good yield, although it often happens in the common corn breeding process (Worrajinda et al., 2013) , as well as it is worth pursuing a set of attributes able to generate a final product associated with quality, good appearance and with high aggregated market value (Luz et al., 2014) .
Some requisites must be taken into consideration in order to meet green corn market requirements, namely: plant height uniformity; precocity able to allow planting more than one crop per year; smaller cob diameter; yield of corn ears with no straw higher than 12 t ha -1 ; length of corn ears with no straw longer than 20 cm, upper corn ear diameter 3 cm, and number of grain rows equal to or greater than 14 (Bottini et al., 1995; Pereira Filho et al., 2003) . The experimental hybrids have shown satisfactory results in almost all the assessed variables, since they met the agronomic and commercial quality requirements and standards (Table 1) . It is worth highlighting that the EY and NGR variables had mean values below the required industrial standard. However, it was possible identifying hybrids presenting EY and NGR values higher than the required ones, as well as great market potential concerning these variables.
Some researchers have prioritized the study about variables associated with corn ears with no straw; however, the variables associated with corn ears with straw are undoubtedly the most important ones to the industry, since corn ears are traded per unit with straw due to the transportation and conservation of sugars (Lemos et al., 2002) . The indices of these straw-related variables should show 50% increase when they are compared to the variables found in corn ears with no straw. The present study has also shown satisfactory results concerning these variables (Table  1) .
General combining ability (GCA) effects
According to Sprague and Tatum (1942) , low GCA estimates indicate that the line value or the value of its combination with other lines do not differ from the average of all diallel crossings, whereas the high and positive GCA estimates are of interest when the aim is to increase the value of the variable of interest.
With respect to the GCA effects on the yield of corn ears with no straw, 10 out of the 19 lines presented positive estimates, mainly the "Flint" lines L1 and L3, and the "Dent" line L16. This outcome highlighted that these lines are superior to other diallel lines when it comes to the mean performance of their hybrids (Table 2) .
Since the best hybrids result from the crossing between lines presenting the highest GCA estimates, the L1 x L16 and L3 x L16 hybrids should show strong SCA effect, as well as the best mean performance. However, it just happened with the L3 x L16 hybrid, which recorded positive SCA result, and whose average was included in the most productive group, according to the clustering test. With respect to the L1 xL16 hybrid, it was possible inferring that these lines had high degree of kinship and that it resulted in low heterosis after crossing and in negative SCA value.
As for the other variables, the GCA highlights were: L1, L2, L3, L6, L7, L8, L11, L13, L14 and L19 in FLOW; L1, L4, L8, L9, L10, L11, L13 and L14 in ST; L1, L2, L3, L5, L8, L11, L12, L15, L16 and L17 in PH; L1, L3, L4, L11, L13, L15 and L16 in NE; L1, L3, L5, L10, L13, L14, L16, L17 and L19 in UEY; L1, L 2, L3, L6, L10, L11, L14, L18 and L19 in ED; L1, L2, L5, L6, L10, L11, L16, L18 and L19 in CD; L1, L4, L5, L10, L11, L12, L13, and L18 in UEL; L3, L5, L7, L9 , L12, L13, L14, L18 and L19 in HEL; and L1, L2, L3, L7, L8, L11, L14, L16, L18 and L19 in NGR ( Table  2) .
The Scott Knott test allowed forming four groups based on the hybrids' mean EY. It was possible seeing that the lines included in the most productive no-straw group clearly showed the benefits from the GCA-positive estimate lines. It is worth emphasizing that the lines showing unfavorable GCA values do not imply their discharge from the breeding programs. These lines may show favorable estimates when they are crossbred with other heterotic groups (Oliboni et al., 2013) .
Specific combining ability (SCA) effects
General and specific combination ability estimates are complementary information that should be interpreted together, at the time to assess the lines. It is ideal associating high GCA and SCA values, since it would allow associating the two fundamental criteria used to select populations, namely: high mean and the greatest genetic variance possible (Ferreira et al., 2004 , Cruz et al., 2012 . The results showed favorable hybrid combinations for most traits related to the herein assessed yield and quality (Supplementary table 1 and 2). It is possible seeing the five most favorable hybrid combinations in Table 3 .
The hybrid combinations simultaneously coinciding with the highest SCA estimates were L8 x L18 for NE, UEY, EY and NGR; L1 x L13 for NE, UEY and EY; and L6 x L15 for UEY, EY, ED and NGR. These results comply with the Scott Knott's test results, since these hybrids were included in the highest-mean groups to measure most of the herein described variables (Supplementary table 1 and 2) .
By considering the five highest SCA estimates for EY, it was possible seeing that L1 x L13 and L4 x L14 involved 2 and 1 of the parents presenting positive GCA estimates, respectively. However, by considering the five highest means (L1 x L13, L1 x L10, L3 x L10, L3 x L14 and L3 x L13) grouped according to the Scott Knott's test, it was possible concluding that all of these means combine the benefits from the two parents presenting positive GCA and high SCA estimates. With respect to NGR, the five best combinations based on SCA did not show the highest means, except for L2 x L13. As for GCA, most combinations presented at least one positive parent, except for L6 x L15.
With regard to the other variables, mainly to ST, UEL, HEL and NGR, high SCA estimates involved at least one parent presenting high GCA, in general. However, there were also cases wherein the two parenting partners presented negative GCA estimates and even high SCA; thus suggesting that these lines showed high complementation degree and, consequently, strong SCA effect.
It is worth emphasizing that the recommendations concerning the selection of super sweet corn genotypes based on GCA and SCA should take into consideration and meet a planned system involving the real needs of commercial plantations. This selection should start in the cultivation system and go all the way up to the integration of activities developed by producers, and the schedule set by the industry. Thus, the selection of parents and hybrids of higher GCA and SCA estimates, respectively, would be ideal for most variables. However, the selection should not always be performed as a way to increase the expression of variables such as FLOW, PH and CD. It is necessary taking into consideration the entire previously described system, so that the selection may happen in the opposite direction, depending on the interest, or may even keep the expression observed in the variable.
The contract between producers working in irrigated areas and the industries often follows a tight schedule, fact that requires producers to exert a great control over raw-material shipments. Thus, using earlier genotypes that present less losses caused by bedding and breaking would be the ideal procedure (Bordallo et al., 2005) ; based on these interests, the selection should prioritize earlier and smaller genotypes. Therefore, with respect to FLOW and PH, taking into consideration the lowest GCA and SCA estimates would be the best scenario. It is worth keeping in mind that the genotypes assessed in the current study presented the brachytic gene (br2); accordingly, keeping the variable expression within estimates close to zero would be the best choice. As for the CD variable, preference should be given to phenotypes presenting the smaller diameters and the selection should prioritize the low GCA and SCA estimates.
The prevalence of non-additive effects (SCA) over the additive effects (GCA) has been reported in the literature, mainly when it comes to yield-related variables (Pfann et al., 2009; Worrajinda et al., 2013) .
The results in the current study showed the importance of non-additive effects for the yield-related variables. However, it was also possible showing the importance of the additive effects for the quality-related variables. Therefore, the information herein gathered can effectively and scientifically guide breeding methods that comprise variables related to super sweet corn yield and quality.
Materials and Methods
Nineteen (19) super sweet corn S 7 inbred lines (sh2) obtained from the breeding program of Darcy Ribeiro Northern Fluminense State University were used in the current study. These inbred lines' pedigree is presented in the supporting information (Supplementary Table 3 ).
The lines were divided in two groups according to grain type in order to set distinct heterotic groups: I-"Flint" lines; and II -"Dent" lines. These lines were extracted from brachytic corn populations belonging to the Cimmyt and Piranão groups. These groups had their Sh2 gene previously introgressed through successive backcross cycles . The two groups of lines were combined in compliance with the partial diallel method, according to the methodology adapted by Griffing (1956) .
Field experiments
The 90 simple hybrids resulting from the 10x9 partial diallel were assessed in two different environments -Campos dos Goytacazes and Itaocara counties (Rio de Janeiro) -located at the geographic coordinates: latitude 21 The plantings were carried out in isolation from other corn fields, and followed the 10 x 10 duplicate simple lattice design, with 4 repetitions and 10 controls (parental populations of the lines and their interpopulational hybrids). The experimental units in both experiments consisted of 3m-long rows, with 1.0 m spacing between rows, and 0.30 m spacing between plants in the row, thus totaling 11 plants. According to the soil analysis, the fertilization was carried out using 400 kg ha -1 of the 8-28-16 formulation. In addition, two cover fertilizations were carried out at the 30 th day after planting, by using 300 kg ha -1 of the 20-00-20 formulation, as well as at the 45 th day, by using 200 Kg ha -1 of urea. Thinning was carried out after the 15 th emergence day in order to keep 33.333 plants/ha -1 in the stand density. The other managements, as well as the control of undesirable plants and pests, were conducted according to the technical recommendations and the minimum culture indications.
Assessing the agronomic and quality traits
The green ears were harvested approximately 20 to 23 days after silking, when the corn ears reached the harvest point adopted by the industry. The following yield-related variables were assessed: plant height (PH) -average height (in meters) of six competitive plants measured from soil level up to the insertion of the node of the flag leaf; female flowering (FLOW) -number of days from sowing to flowering in 50% of the plants in the plot; stand (ST) -total number of plants in each plot at harvest time; number of ears (NE) -number of ears per plot; unhusked ear yield (UEY) -total weight (in tonnes per hectare) of the unhusked ears in the plot; husked ear yield (EY) -total weight (in tonnes per hectare) of the husked ears in the plot.
Five (5) marketable corn ears were sampled in each plot for quality-related variable for average ears diameter (ED) assessment: average diameter (in centimeters) of the 5 husked ears; average cob diameter (CD), average cob diameter (in centimeters) of the 5 ears; average husked ear length (HEL), average length (in centimeters) of the 5 husked ears; average unhusked ear length (UEL) -average length (in centimeters) of the of 5 unhusked ears; and number of grain rows (NGR). The quality-related variables were assessed in a digital scanner model BENQ 5000.The images were processed and analyzed in the Image J software (version 1.50c). The mean values of the treatments in relation to the assessed variables were grouped through the Scott Knott test (1974) , at 5% probability level. The diallel analysis was based on the means of the 90 simple hybrids, according to the methodology by Griffing (1956) ij Y is the mean value of the hybrid combination between the G 1 and G 2 lines; µ is the general mean of the hybrid combinations; g i is the effect of the general combining ability of group i; j g is the effect of the general combining ability of group j; ij s is the effect of the specific combining ability (SCA) in crossbreeding processes involving parents belonging to orders i and j; ij e is the associated mean experimental error.
All analyses of variance were performed in compliance with the Proc GLM procedure of the SAS software (Littel et al., 2006) . The diallel analysis and the Scott Knott test were performed in the Genes software (Cruz, 2013) .
Conclusion
The partial diallel analysis was efficient to estimate the GCA effects of super sweet corn inbred lines, as well as the effects of the SCA on the hybrids generated by crossings between lines belonging to different heterotic groups. The "Flint" heterotic group showed genetic variability higher than that of the "Dent" group. The additive and non-additive effects were equally important for the herein assessed variables. The additive effects stood out especially for quality-related traits, whereas the non-additive effects stood out specially for yieldrelated traits. The significance of the interaction between GCA/SCA and the environments showed distinct genotype responses to the environments, thus indicating the need of different selections and recommendations depending on the environment. The "Flint" L1 line presented the highest concentration of favorable alleles to the FLOW, PH, NE, UEY, EY, ED, CD, UEL and NGR variables. Thus, it is the most suitable line for the formation of new super sweet hybrids. The L8 x L18, L1 x L13 and L6 x L15 combinations have simultaneously enabled greater combinatorial effects on the UEY and EY variables. Thus, they are promising super sweet corn hybrids.
